Abstract. We discuss the effects of confinement and disorder on the elementary excitations of superfluid 4~e in porous media as observed by inelastic neutron scattering. The three-dimensional bulk-like phonon-roton excitations of liquid 4~e in aerogel and Vycor are the same as in bulk 4~e at low temperatures, with the same temperature dependence. In addition to these excitations, two-dimensional layer modes, which propagate in the first few liquid layers close to the substrate, are observed in both Vycor and denser aerogels near the roton wave vector, with a rotonlike dispersion.
INTRODUCTION
Liquid 4He in porous media is a key example of a strongly interacting Bose system in confinement and disorder. When superfluid 4He is confined in porous media such as aerogel or Vycor, the macroscopic properties, and in particular the superfluid density and the superfluid transition temperature, are modified [I] . Theoretical model calculations and simulations of the excitations in superfluid 4~e in disorder predict a softening of the phonon energy and additional excitations at low energies [2] .
For the past five years, a number of inelastic neutron scattering experiments has been performed to study the microscopic dynamics of superfluid 4He in porous media [3-1 I] . These measurements, which probe the density fluctuations through the dynamic structure factor S(Q,o), have been made on a variety of instruments, such as triple-axis, direct and inverted time-of-flight, and back-scattering spectrometers, using different energy resolution. The broad picture emerging from these studies is that liquid 4He in porous media supports elementary phonon-roton excitations having the same energies and lifetimes at all temperatures as in bulk 4He. However, there is additional intensity in the tail of the roton peak, which can be attributed to two-dimensional (2D) layer modes propagating in the liquid layers adjacent to the substrate. These layer modes resemble those observed in films of superfluid 4He on graphite surfaces [12] . They are also important in explaining the specific heat and the superfluid density at low temperature in Vycor, for example.
The most popular porous media that have been studied are aerogel and Vycor. Aerogel has a highly tenuous structure of irregularly connected silica (SiO2) strands with a large distribution of pore sizes, from a few to a few hundred A. The aerogels used for neutron scattering measurements have porosities in the range from 87 to 96%. To reduce the incoherent elastic scattering from hydrogen impurities in form of OHgroups attached to the walls of the aerogel, some samples have been deuterated, either by exposing the gel to deuterium gas, or more efficiently, by growing it from deuterated chemicals. The superfluid transition temperature in aerogels is reduced by only a few mK compared to the bulk. Porous Vycor glass is fabricated by leaching out the B203-rich phase of a phase-separated borosilicate glass. The result is a sponge-like silica-rich material, where the open pores constitute approximately 30% of the total volume.
The pores comprise an open network of highly interconnected channels of a typical diameter of 70 A. Vycor contains approximately 3.5% B2O3, which due to the large neutron absorption cross-section of the l0B isotope strongly reduces the scattered intensity. However, this problem can be avoided if the natural boron is replaced by the 11B isotope, which has negligible absorption. In Section 2 and 3, we will discuss the main results of inelastic neutron scattering measurements on helium in Vycor and aerogel, respectively. Section 4 concludes the paper.
VYCOR
We have measured the dynamic structure factor S(Q,o) of superfluid 4He in a specifically prepared Vycor sample made from 99.95% llB-enriched B203 in order to reduce the neutron absorption. Well-defined phonon-roton excitations are observed at low temperatures for all wave vectors in the range 0.4<Q<2.1 A-1, and the dispersion of this 3D bulk-like mode, shown in Fig. la , is identical to that of bulk 4He, measured in the same experiment [9] . The energy and width of the phonon-roton excitations of helium in Vycor, and their temperature dependencies, are the same as in bulk 4He, within the experimental precision (typically 5-10 pV). An example of a spectra at the roton wave vector is shown in Fig. lb . In addition to the main peak, which corresponds to the 3D bulk-like roton, there is additional intensity in the low-energy tail of the peak, which is absent in the measurements on the bulk liquid. This additional intensity, which was first observed by , can most likely be attributed to 2D layer modes, similar to those existing in helium films on graphite. Due to the improved statistics in the present experiment, resulting from the use of isotopic Vycor, we have determined the dispersion of the 2D layer mode with precision. It can be described by the same expression used for the bulk roton, o = A + ( Q -Q~)~/ (~P ) , with the same roton wave vector QR and curvature p, but where the energy gap A is 0.55 meV compared to 0.74 meV in the bulk. The energy gap of the layer mode is the same as the gap extracted from specific heat and superfluid density measurements at low temperatures.
The temperature dependence of S(Q,o) for helium in Vycor at a wave vector somewhat below the roton is shown in Fig. 2 as solid symbols (the bulk liquid measured in the same set-up is shown by the lines). At the lowest temperature, there is a well defined phonon-roton excitation in S(Q,o). With increasing temperature, the peak broadens, shifts down to slightly lower energies, and the integrated intensity in the peak decreases. At the highest temperatures, T=2.31 K, there is no discernible peak in S(Q,o). However, at T = 1.99 K, which is above the superfluid transition temperature in Vycor (Ts = 1.95 K [I] ) but below the bulk value for Th=2.17 K, there is still a thermally broadened peak. This intriguing finding may have important consequences, as we will now discuss.
In bulk 4He, it has been observed that for wave vectors above the maxon wave vector Q>l. 1 A-1, the weight of the well-defined peak in S(Q,o) scales with temperature approximately as the superfluid density ps(T) 1131. Above the superfluid transition, where ps = 0, there was no well-defined peak in S(Q,o). Glyde and Griffin (GG) [14] have suggested that this scaling arises because the elementary excitations involve the excitation of quasiparticles out of the condensate and that the scaling variable is the Bose-Einstein condensate fraction no(T) rather than ps(T). Here, we observe that the weight of the sharp excitation peak in S(Q,o) does not scale with pS(T) in Vycor. The deviation is large and there remains a peak in S(Q,o) above Ts where ps = 0. Thus the apparent scaling of peak weight with ps(T) in bulk 4He is not universal and does not extend to confined geometries. However, the excitation weight in S(Q,o) in Vycor might still scale with no(T) (as in bulk 4He) if no(T) in Vycor were similar to bulk 4He, and particularly if no(T) were finite between Ts = 1.95 K and Th = 2.17 K. Thus, either the GG proposal is incorrect or there remains a condensate in 4He in Vycor above Ts, perhaps up to Th. If there is a condensate above T,, then we are observing the separation of the superfluid transition temperature Ts from the BoseEinstein condensation temperature by disorder or confinement. This puzzling possibility requires further measurements of S(Q,o) and of no directly. 
AEROGEL
The dynamic structure factor of helium in aerogel is very similar to that in bulk helium at all temperatures.
In some earlier studies on aerogels with porosities of the order of 95% [4,6], a small broadening of the order of a few peV of the roton excitation was reported at low temperatures. However, the observed effect was considerably smaller than the resolution width, and thus subject to artefacts if the shape of S(Q,o) of helium in aerogel is slightly different from that in bulk helium. In fact, subsequent high-resolution measurements by Anderson et al. [7] showed no broadening of the roton peak at low temperatures, at the level of a fraction of a peV. We have recently measured S(Q,o) in a denser aerogel with 87% porosity, and these measurements show the existence of additional intensity in the low-energy tail of the roton peak (Fig. 3a) . By studying the filling dependence of S(Q,o) for fillings between 30 and loo%, we find that the additional intensity can be related to 2D layer modes that propagate in the first few liquid layers above the substrate, as discussed in detail in Ref. [lo] . This is the first time such layer modes have been observed in fully filled aerogel. This additional intensity, which was not resolved in earlier studies of less dense aerogel, makes the elementary excitation peak appear broader if the intensity is not resolved and subtracted.
We have also made detailed measurements of the temperature dependence of the energy of the bulk-like roton in fully filled aerogel using different aerogels and different spectrometers with different energy resolution. The results shown in Fig. 3b include data for aerogel with porosities ranging from 87 to 95% measured on different spectrometers with energy resolutions between 50 and 100 peV, as detailed in the figure caption. The temperature dependence of the roton energy in these aerogels is in excellent agreement with that of the bulk roton (see Fig. 3b ), measured in the same set-up under identical conditions. Hence, there is no difference between the roton energy in helium in aerogel and bulk helium at any temperature in our measurements. This result is in disagreement with some other work [5] , and the reason for this discrepancy is not fully understood. A higher roton energy could possibly be observed at intermediate temperatures if the multiple scattering, which is centered mainly above the roton peak, is not carefully corrected for. In our measurements, this problem is avoided by using fully deuterated aerogels, for which the multiple scattering is negligible.
As mentioned, theoretical work have suggested a softening of the phonon velocity of helium in porous media. Neutron scattering measurements at a wave vector of Q=0.2 A-1 [6] , the lowest achievable due to the strong elastic scattering at small wave vectors from the large-scale structure of aerogel, do not show any modification of the phonon energy, at a level of 2% of the phonon energy (or velocity). 
CONCLUSION
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Neutron inelastic scattering studies of superfluid 4He in porous media such as aerogel and Vycor show that the three-dimensional bulk-like phonon-roton excitations are the same as in bulk 4He, with the same temperature dependence. The main difference compared to bulk helium is the existence of additional two- dimensional layer modes, observed in both Vycor and denser aerogels near the roton wave vector. These modes have a roton-like dispersion, with an energy gap that is smaller than in bulk helium, and which depends on the material.
